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Abstract

RASSF1A (Ras association domain family 1 isoform A) is a tumor suppressor and frequently inactivated by promoter
hypermethylation in hepatocellular carcinoma (HCC). Autophagy is to degrade misfolded or aggregated proteins and
dysfunctional organelles. Autophagy defects enhance oxidative stress and genome instability to promote tumorigenesis.
Activating autophagy flux by increasing levels of the RASSF1A-interacting microtubule-associated protein 1 S (MAPI1S)
leads to suppression of HCC in addition to extending lifespans. Here we tested whether RASSF1A itself functions as a HCC
suppressor and activates autophagy similarly as MAP1S does. We show that RASSF1A deletion leads to an acceleration of
diethylnitrosamine-induced HCC and a 31% reduction of median survival times in mice. RASSF1A enhances autophagy
initiation by suppressing PI3K-AKT-mTOR through the Hippo pathway-regulatory component MST1 and promotes
autophagy maturation by recruiting autophagosomes on RASSF1A-stabilized acetylated microtubules through MAPIS.
RASSF1A deletion causes a blockade of autophagy flux. Therefore, RASSF1A may suppress HCC and improve survival by
activating autophagy flux.

Introduction

Hepatocellular carcinoma (HCC) is one of the most com-
mon human cancers worldwide and its incidence has tripled
in the United States in recent decades [1]. It is the second
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leading cause of cancer death worldwide [2]. Only 13% of
HCC diagnosed in the US are detected early enough to be
eligible for curative treatments including surgical resection
or liver transplantation, but the prognosis of those patients is
poor and the 5-year survival rate is less than 12% [3].
Therefore, there is an urgent need to define the molecular
mechanisms underlying HCC development for developing
novel therapeutic strategies.

Autophagy, a cellular self-digestion process, functions in
the degradation of dysfunctional organelles, misfolded/
aggregated proteins and lipid droplets [4]. The anti-
apoptotic protein Bcl-2 inhibits autophagy initiation
through the PI3K-AKT-mTOR pathway by sequestering
Beclin 1 or activates autophagy initiation through the
LKB1-AMPK-mTOR pathway by increasing P27 levels [5].
Autophagosomes migrate along tracks made of acetylated
microtubules to fuse with lysosomes [6]. Studies of in vivo
models highlight the critical role of autophagy in tumor
suppression. Mice with deficiency in an autophagy-
regulatory protein such as Beclinl, ATG4, ATGS, ATG7
or MAPIS, exhibit a reduction in autophagy activity and an
increase in tumorigenesis [7-10]. Studies showed that
autophagy defects enhance oxidative stress which trigger
DNA double strand breaks (DSB) and genome instability
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[4, 10, 11], and the deletion of Beclin 1, ATGS, ATG7 or
MAPIS gene in mice was found to promote HCC [4, 8—11].

The Ras association domain family 1 isoform A
(RASSF1A) gene locates in the 3p21.3 region of the
human genome and was first identified and cloned in
2000 [12]. In HCC, promoter-methylation and
RASSFIA silencing occurs in over 80% of the patients
[13], and deletion of RASSFIA in 129S1 mice leads to
the formation of liver tumors at late stage of life [14].
RASSFI1A was suggested to suppress tumorigenesis
through multiple different biological functions includ-
ing cell cycle arrest, migration inhibition, microtubular
stabilization and apoptosis promotion [15-19].
Because of the association of RASSFIA with
MST1 and MST2 [20], RASSF1A was suggested to
suppress tumorigenesis through the Hippo pathway
[21]. However, the exact role and detailed mechanism
of RASSFI1A in the development of HCC has not been
investigated.

Microtubule-associated protein 1S (MAPI1S) is a
microtubule-associated autophagy activator [22, 23].
MAPI1S enhances autophagy initiation through the
LKB1-AMPK-mTOR pathway by sustaining the levels
of Bcl-2 and P27 [23]. Similar to its homologs,
neuronal-specific MAPIA and MAP1B, MAPIS inter-
acts with mammalian autophagy marker LC3 and
bridges autophagosomes with microtubules to affect
autophagosomal degradation [23]. MAP1S suppresses
diethylnitrosamine (DEN)-induced HCC [10, 11]. Nat-
ural component spermidine prolongs lifespan and pre-
vents liver fibrosis and HCC by activating MAPI1S-
mediated autophagy [24]. MAPIS was identified as a
major interactive partner of RASSFIA in a yeast two-
hybrid analysis of a human liver and brain cDNA
library [25, 26]. We reported that MAPI1S associates
with microtubules stabilized by RASSF1A [19]. The
RASSF1A-MAPIS interaction triggered us to hypo-
thesize that RASSF1A may suppress HCC by activating
autophagy through MAPIS. Indeed, here we show that
RASSFIA stabilizes microtubules by suppressing the
activity of RASSF1A-interactive HDACS6, interacts
with MAPI1S and recruits LC3-II-associated autopha-
gosomes onto acetylated microtubules through MAP1S;
and RASSFI1A interacts with MST1 and enhances the
stability of MST1 to block PI3K-AKT-mTOR pathway,
a major pathway suppressing autophagy initiation [27,
28], to promote autophagy initiation. Similar to
MAPI1S, RASSF1A enhances autophagy initiation and
maturation to activate autophagy flux, suppresses oxi-
dative stress, genome instability and DEN-induced
HCC, and improves survivals.
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Materials and methods
Antibodies, plasmids and other reagents

Antibodies against RASSF1A for immunoblots of HeLa cells
(ab23950) and hepatocytes (ab97749) were from Abcam.
Antibody against RASSF1A (14-6888-82) for immunopreci-
pitation was from eBioscience. The siRNAs specific to human
RASSF1A (SC-44070), normal mouse control IgG (SC-
2025), normal rabbit control IgG (SC-2027), and antibodies
against GAPDH (SC-25778), acetylated-a-tubulin (SC-
23950), HDACG6 (SC-11420), GFP (SC-8334), Bcl-2 (SC-
7382), P27 (SC-528), AKT (SC-5298) were from Santa Cruz
Biotechnology. Negative control siRNA (AM4635) were
from Invitrogen. Antibodies against Myc-Tag (2276), HA-
Tag (3724), p-AKT (29655S), p-MST1 (3681S), p-S6K
(9205 S) were from Cell Signaling Technology. Antibody
against MST1 (22245-1-AP) was from Proteintech. Chlor-
oquine (CQ, C6628), Hematoxylin and FEosin (H&E,
HT110116), and antibody against Flag (F3165) were from
Sigma. Trypsin (CA014) was from GenDEPOT. Other
reagents not mentioned here were described by Li et al. and
Yue et al. [24, 29]. Plasmids encoding Myc-LC3 (#24919),
HDAC6 (#30482) and P27 (#14049) were purchased from
Addgene. The construction of GFP-RASSFIA, HA-
RASSF1A, RFP-LC3, GFP-LC3, HA-MAP1S isoforms (HA-
FL, HA-HC, HA-SC and HA-LC), GFP-MAPIS full length,
HA-HBD (R653-Q855 fragment of MAP1S in HA-PCMV
plasmid), HA-FLA (HA-MAPI1S with R653-Q855 fragment
deleted) were described previously [19, 25, 30].

Animal experiments

Animal protocols were approved by the Institutional Animal
Care and Use Committee, Institute of Biosciences and
Technology, Texas A&M Health Science Center. All ani-
mals received humane care according to the criteria outlined
in the “Guide for the Care and Use of Laboratory Animals”
prepared by the National Academy of Sciences and pub-
lished by the National Institutes of Health (NIH publication
86-23 revised 1985). Wild-type (RASSFIA™") and
RASSF1A knockout mice (RASSFIA™7) in C57BL/6J
background were bred and genotyped as described [31].
Male littermates of wild-type and RASSF1A ™~ mice at 15-
day-old were intraperitoneally injected with a single dose of
diethylnitrosamine (DEN) to induce HCC. Liver tissues
were harvested immediately after the animals were eutha-
nized and then frozen or fixed for immunoblotting, immu-
nostaining, H&E staining and oxidative stress analysis
similarly as we previously described [10, 29]. The
RASSFIA mRNA levels in liver tissues were quantified by
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Fig. 1 RASSF1A suppresses hepatocarcinogenesis and promotes sur-
vival in DEN-treated mice. a PCR analysis of DNA samples from
mouse tails to genotype wild-type (RA-+/+) and RASSFIA™'~ mice
(RA—/—). b Quantitative real-time PCR analysis of the levels of
RASSF1A mRNA in liver tissues from wild-type and RASSFIA™~
mice. ¢ Representative immunoblot showing levels of RASSFIA
protein in hepatocytes isolated from wild-type and RASSFIA™~ mice.
d Representative images of liver tissues from 12-month-old untreated
wild-type and RASSFIA™~ mice in normal conditions. e Repre-
sentative images of liver tissues from DEN-treated wild-type and
RASSFIA™~ mice at different ages. f Plots of body weights,
liver weights, ratios of body weight to liver weight of mice as shown in
e. g Plots of number of surface tumors of mice as shown in
e. h Comparative H&E staining among the liver tissues from
DEN-treated 6-month-old mice described in e. Bar =20 um. i Plots of
tumor size as shown in h. j Representative images showing different
types of H&E staining of liver tissues from DEN-treated 12-month-old
mice as shown in e. Bar = 20 um. The percentage shown on top of each
panel is the relative frequency of the type. k The Kaplan—-Meier sur-
vival curves showing the survival times of male littermates of wild-type
and RASSF1A~"~ mice treated with DEN. n number of mice, MSD
median survival days. The significance of difference between two
groups was estimated by log-rank test and p value was the probability
larger than the »* value. Here and later, all experiments were repeated at
least three times. ns, not significant or p > 0.05; *p <0.05; **p <0.01;
and ***p <0.001

real-time PCR using primers RASSFIA Forward (5'-GTA
CAACACGCAATCCGTC-3"), RASSF1A Reverse (5'-GC
AGACGAGC GCGCGAC-3'), p-actin Forward (5'-GCA
CCAGGGTGTGATGGTG-3’), and p-actin Reverse (5'-TG
GATGGCTACGTACATGGC-3’). In addition, mice for
survival analysis were injected with DEN at 15 days after
birth and observed to record their survival times when they
were found dead or when they were found to be moribund.
The Kaplan-Meier method was used to analyze the overall
survival and median survival times.

Plasmid construction

Four fragments of RASSF1A (F1, F2, F3 and F4) were
amplified by PCR using HA-RASSFIA as a template.
Amplified fragments were digested with Xhol and BamHI
and ligated with pEGFP-C3 vector digested with Xhol and
BamHI similarly as we previously reported [25]. The pair of
primers for amplifying F1 (fragment from amino acid
1-151) is F1 Forward (5'-CCGCTCGAGATGTCGGGG
GAGCCTGAGCTCATT-3’) and F1 Reverse (5'-CGCGGA
TCCTCAGAAGAGGTTGCTTTGATCTGGGC-3"); F2
(fragment from amino acid152-186) F2 Forward (5'-CC
GCTCGAGATGAGCTTGAACAAGGACGGTTC-3’) and
F2 Reverse (5'-CGCGGA TCCTCACTGCAAGGAGG
GTGGCTTCTT-3"); F3 (fragment from amino acid
187-287) F3 Forward (5'-CCGCTCGAGGATGCCCG
GCGGGGCCCA GGA-3') and F3 Reverse (5'-CGCGGA
TCCTCAGTCATTTTCCTTCAGGACAAA  GCTC-3%);
and F4 (fragment from amino acid 288-340) F4 Forward
(5'-CCGCTCGAGTCTGGGGAGGTGAACTGGGA-3")
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and F4 Reverse (5'-CGCGGAT CCTCACCCAAGGGG
GCAGGCGT-3’). Primers 5'-CCGCTCGAGTCTGGGGA
GGTGAACTGGGA-3' and 5'-CGCGGAT CCTCACCCA
AGGGGGCAGGCGT-3" and template HA-RASSF1A
were used to delete RA domain (from amino acid
187-287) from RASSF1A to generate RAA construct as we
previously described [30].

To establishment of RASSF1A knockout HeLa cell line
by CRISPR/Cas9, guide RNAs targeting human RASSF1A
gene were designed using Optimized Crispr Design (http://
crispr.mit.edu/). Synthesized DNA oligos were inserted into
crispr/cas9  vector pSpCas9(BB)—2APuro  (PX459)
(Addgene, #48139). HeLa cells were transiently transfected
with a pool of three plasmids encoding Cas9 nuclease
and guide RNAs targeting for RASSFIA or the vector for
wild-type control. The sequences of three pairs of DNA
oligos for gRNAs are 1) RASSFIA gl-F: 5'-CACCGA
ACGCGCTGCGCATCGCGCG-3’, RASSFIA gl-R: 5'-A
AACCGCGCGATGCGCAGCGCGTTC-3’; 2) RASSF1A
g2-F: 5’-CACCGCAACGCGCTGCGCATCGCGC-3',
RASSF1A g2-R: 5-AAACGCGCGATGCGCAGCGCG
TTGC-3'; and 3) RASSF1A g3-F: 5'-CACCGTCGCACC
ACGTGTGCGTGGC-3’, RASSFIA g3-R: 5'-AAACGCC
ACGCACACGTGGTGCGAC-3".

Cell culture and isolation of primary mouse
hepatocytes and mouse embryonic fibroblasts
(MEFs)

Cell lines including HeLa, human embryonic kidney (HEK)
—293T, HeLla cells stably expressing ERFP-LC3 (HeLa-
RFP-LC3), and MEFs were established as described [23].
Cell lines obtained from the American Type Culture Col-
lection (Manassas, VA, USA) were cultured in DMEM
containing 10% FBS and antibiotics. Cell lines used in this
study were authenticated by ATCC but not further con-
firmed because they were solely used for biochemical and
cell biological assays and not for study of cancer biological
functions. Mouse primary hepatocytes were isolated from
12-week-old male mice by the two-steps liver perfusion
method as previously described [24]. Cell transfection,
immunoblotting, immunoprecipitation, in vitro microtubular
assembling, H&E staining, and confocal fluorescent micro-
scopy were performed as previously described [23, 29, 30].

Results

RASSF1A suppresses DEN-induced HCC and
maintains mouse survivals

To investigate the function of RASSF1A in HCC, we
imported RASSF1A ™~ mice as a gift and identified them by
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Fig. 2 RASSFIA suppresses oxidative stress and DNA damage in
mouse liver tissues. a, b Representative images (a) and quantification
(b) showing levels of oxidative stress revealed by dihydroethidine
hydrochloride (DHE) staining in liver tissues from wild-type and
RASSF1A™"~ mice treated with vehicle (Ctrl) or DEN for two days.
Bar =50 um. ¢, d Representative immunoblot (¢) and quantification
(d) showing y-H2AX levels in HeLa cells treated with random (Mock)
or RASSF1A-specific siRNA (RA). e, f Representative immunoblot

genotyping with DNA samples from tails (Fig. 1a) [31]. The
RASSFIA gene was confirmed to be completely deleted in
liver tissues by RT-PCR analysis of mRNA (Fig. 1b).
Although not successful with samples from mouse liver tis-
sues and other tissues, we identified a RASSF1A antibody
that was able to detect a weak band of RASSFIA in
immunoblots with samples made from primary cultured
mouse hepatocytes (Fig. 1c). We maintained the mice under
identical conditions for 12 months and were unable to detect

12MmM

(e) and quantification (f) showing y-H2AX levels in liver tissues from
DEN-treated 6-month-old wild-type and RASSFIA™~ mice.
g Representative immunostaining of y-H2AX in liver tissue sections
from DEN-treated wild-type and RASSFIA™~ mice as described in
(Fig. le). Red arrows indicate y-H2AX positive cells. Bar = 10 pm.
h Plots of percentage of y-H2AX positive cells to total cells in liver
sections as shown in g

any tumor on the liver surface (Fig. 1d). We started to inject
15 days-old male mice with a single dose of DEN, a widely-
used chemical carcinogen to induce HCC in mice [32]. We
started to observe small tumor foci on the surfaces of livers of
RASSFIA™~ mice at 6 months and wild-type mice at
7 months after DEN treatment (Fig. le). At this stage,
although there was no difference in body and liver weights
(Fig. 1e, f), RASSFIA™"~ mice developed more tumor foci
as observed on their liver surface (Fig. le, g) and larger

SPRINGER NATURE



1384

W. Li et al.

SPRINGER NATURE

Les1
Les-n [

fActin N <2

Q.

g 30
‘B
920
Zd
2@ 10
s%
g U3
SiRNA 2
None
None BAF
S o]
siRNA o S
22 2 Eko

RA I'- .- ..7— 39
repLc3 BT S S 43

LC3-ll — 14
B-Actin E:ﬁ 7.‘4 .-“ - ‘42

None BAF

+/+ -I- KD
RANSS =~ === 139

LC3-1 L 14

B-Actin EES—— 42

400 L1
300 j
200

1

ROAO-Q- Ll e
None BAF

No. GFP-LC3
Punctate Foci

*%

LC3-IIGAPDH
D O2=N
Ponnowno

A L
None CQ

Relative Levels of w3

on

siRNA

%%

—|

Relative Levels of
LC3-11/3-Actin

SiRNA

-

o NLH»O®» ®O

None

Mock
RA
Mock
RA

None BAF

w
<
©
-
S &
=
BAF
f . . 9 h i .
£ L G
kB »E g
<[5 4 None _BAF [F
ol 2 l RA +/+ - ++ J- KD 3= 6
w | RA N3 ST 4
@ 28
2 o.m_._.* LC341 17 gg 2
-
l LC3-1I 14 = 90
2= 20 ¥ 3-Acti S— 42 RA+/+ -[- +/+ |-
3 w0 (-Actin qup e s = None BAF
& i l
0 4, k RA+/+:GFP-LC3+/- RA -/-:GFP-LC3+/-
$& 3¢
siRNA 2 s
None BAF
-3
<
o
z
;-% 8 Jk
o= 4
2 2
23 0 w
& T RA H# -l +1+ -1 g
None BAF
m None cQ
RA +/+ e +/+ -

No. 1 2 3 4 5 6 7 8 9 10 11 12 KD
LC3 - = o e DG . am 17
LC3I o o e o

GAPDH 40
) p
None BAF 8
RA +/+ .- +/+ - KD S &
RA [ | 39 £3;
S&
LC3-l e E:' 2
LC3-ll g 8 0
p-Actin | 3 “RAE -t o

None

BAF



Suppressor of hepatocellular carcinoma RASSF1A activates autophagy initiation and maturation 1385

« Fig. 3 RASSFIA activates autophagy flux. a, b Representative

immunoblot (a) and quantification (b) showing LC3-II levels in HeLa
cells treated with random (Mock) or RASSF1A-specific siRNAs (RA)
in the absence (None) or presence of lysosomal inhibitor BAF (10 uM
overnight before harvest). ¢, d Representative images (c¢) and quanti-
fication (d) showing the number of RFP-LC3 punctate foci in HeLa
cells stably expressing RFP-LC3 treated with random (Mock) or
RASSF1A-specific siRNAs (RA) in the absence (None) or presence of
BAF. Bar = 10 upM. e, f Representative immunoblots (e) and quanti-
fication showing the levels of exogenous RFP-LC3 and endogenous
LC3-II (f) in similar cells as shown in ¢. g, h Representative immu-
noblot (g) and quantification (h) showing LC3-II levels in wild-type
and RASSFIA™~ MEFs in the absence (None) or presence of
BAF. 1, j Representative immunoblot (i) and quantification (j) show-
ing LC3-II levels in hepatocytes similarly isolated from mice shown in
g. k, 1 Representative images (k) and quantification (I) showing the
number of GFP-LC3 punctate foci in hepatocytes isolated from
GFP-LC3 transgenic wild-type and RASSF1A™'~ mice in the absence
(None) or presence of BAF. Scale bar, 10 uM. m, n Representative
immunoblot (m) and quantification (n) showing LC3-II levels in liver
tissues from wild-type and RASSFIA™~ mice injected with saline
(None) or lysosomal inhibitor CQ. o, p Representative immunoblot
(0) and quantification (p) showing LC3-II in hepatocytes isolated from
4-month old DEN-treated wild-type and RASSFIA™~ mice in the
absence or presence of BAF

tumor foci as shown in liver tissue sections (Fig. lh, i).
When mice became older, individual tumors were amplified
so that large tumor foci occupied the entire liver surfaces of
RASSFIA ™~ mice at 12 months (Fig. le), resulting in a
significant higher liver weights and liver/body weight ratios
than the wild-type (Fig. le, f). Examining the liver tissue
sections from 12 months-old mice in detail revealed
that wild-type mice contained about 40% area with
normal liver structures, 10% with encircled tumor foci and
50% area with typical HCC trabecular structure,
while RASSFIA™~ mice contained only 10% area with
encircled tumor foci and small portion of normal
liver structure, 65% typical HCC trabecular structure
and 25% highly distorted liver structures (Fig. 1j). Due
to the accelerated hepatocarcinogenesis, RASSFIA
deletion resulted in a 31% reduction in mouse median sur-
vival times (Fig. 1k). Therefore, RASSF1A suppresses DEN-
induced hepatocarcinogenesis and sustains mouse survivals.

RASSF1A suppresses oxidative stress and DNA
double strand breakage

Oxidative stress induces DNA double-strand breakage
(DSB) and genome instability through cycles of cell divi-
sion to promote tumorigenesis [4, 10, 33]. There was not
much difference in levels of oxidative stress in liver tissues
between wild-type and RASSFIA ™~ mice when untreated,
as measured by dihydroethidine hydrochloride (DHE)
staining. However, RASSFIA deletion induced high
levels of oxidative stress at two days after DEN injection

(Fig. 2a,b). RASSF1A suppression caused increases of
v-H2AX levels representing DNA DSB in HeLa cells
(Fig. 2c, d) and mouse liver tissues collected at 6 months
after DEN injection (Fig. 2e, f). Immunostaining also con-
firmed that RASSFIA deletion promoted DNA DSB
(Fig. 2g, h). Therefore, RASSF1A suppresses oxidative
stress and genome instability.

RASSF1A enhances autophagy flux

Because of close relation between autophagy and tumor-
igenesis and because the RASSFI1A-interactive protein
MAPIS is involved in autophagy regulation and tumor
suppression [10, 19, 22-24, 34], we reasoned that
RASSF1A regulates autophagy and suppresses tumorigen-
esis. We first suppressed the expression of RASSFIA with
specific siRNAs in HeLa cells and found that the autophagy
flux reflected by the LC3-II levels in the presence of lyso-
somal inhibitor bafilomycin Al (BAF) was significantly
reduced (Fig. 3a, b). Such reduction in autophagy flux was
confirmed by the reduction in the number of RFP-LC3
punctate foci representing autophagosomes (Fig. 3c—f). We
further investigated the impact of RASSFIA on autophagy
flux and confirmed that RASSF1A deletion resulted in
reductions of LC3-II levels in BAF-treated MEFs (Fig. 3g,
h) and hepatocytes (Fig. 3i, j) isolated from mice, number of
GFP-LC3 punctate foci in BAF-treated hepatocytes isolated
from GFP-LC3 transgenic mice (Fig. 3k, 1), and LC3-II
levels in liver tissues treated with another lysosomal inhi-
bitor CQ (Fig. 3m, n). Similarly to the case in healthy livers,
RASSF1A deletion resulted in a reduction in LC3-II levels
in hepatocytes isolated from 4-month old DEN-treated
livers carrying premalignant lesions (Fig. 30, p). All results
show that RASSFIA activates autophagy.

RASSF1A does not regulate autophagy initiation
through MAP1S-Bcl-2-P27 pathway

Deleting either MAP1S [23, 29] or RASSF1A (Fig. 3) leads
the same reduction in autophagy flux. We reasoned that
RASSFIA may regulate autophagy initiation through its
interactive protein MAP1S (Fig. 4a, b). MAPIS regulates
Bcl-2 and P27 to control autophagy flux through the LKB1-
AMPK-mTOR pathway [23] and itself is regulated by
HDAC4 [30]. RASSF1A deletion did not alter the levels of
MAPI1S, HDAC4, Bcl-2 and P27 (Fig. 4c, d), and the levels
of acetylated MAPIS (Fig. 4e, f). RASSFI1A interacted with
HDAC4 in HeLa cells (Fig. 4g). The levels of MAP1S
remained constant while levels of HDAC4, Bcl-2 and P27
did reduce when RASSFIA was silenced (Fig. 4h, i).
However, levels of acetylated MAP1S were not changed by
RASSF1A overexpression either in the absence or presence
of HDAC4 inhibitor apicidin (Fig. 4j, k). Forced expression
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Fig. 4 RASSF1A regulates autophagy initiation not through MAP1S.
a A diagram showing the domain structures of RASSFI1A protein and
its mutant constructs. RASSF1A has four characterized domains: Cl1,
phorbol ester/diacylglycerol binding domain; ATM, ataxia-
telangiectasia mutated domain; RA*, Ras-association (RalGDS/AF-
6) domain (F3); SARAH, MST and SAV1 binding domain (F4). Four
fragments of RASSF1A (F1-4) were fused with GFP, respectively.
RASSF1A with RA domain deleted (RAA) was fused with HA. b A
diagram showing the domain structures of MAPI1S protein and its
mutant constructs. FL full length, HC heavy chain, SC short chain, LC
light chain, 4G1 region recognized by MAP1S monoclonal antibody
4G1, HBD HDAC4-binding domain (R653-Q855), FLA full length
MAPIS with HBD domain deleted. ¢, d Representative immunoblots
(c) and quantification (d) showing the impact of RASSF1A on levels
of MAPIS, HDAC4, Bcl-2 and P27 in liver tissues from 3 pairs of
wild-type and RASSF1A ™'~ littermates. e, f Representative immuno-
blots (e) and quantification (f) showing the impact of RASSF1A on
levels of acetylated MAPIS in liver tissues from wild-type and
RASSFIA™~ littermates. Lysates were precipitated with Ac-K
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antibody and blotted with MAPI1S-specific 4G1 antibody and Ac-K
antibody. g Representative immunoblots showing the interaction of
HDAC4 with RASSFIA in 293T cells transiently expressing Flag-
HDAC4 and HA-RASSF1A. h, i Representative immunoblots (h) and
quantification (i) showing the impact of RASSF1A depletion on levels
of MAP1S, HDAC4, Bcl-2 and P27 in HeLa cells treated with random
(Mock) or RASSF1A-specific siRNAs (RA). j, k Representative
immunoblots (j) and quantification (k) showing the impact of over-
expressed RASSF1A on levels of acetylated MAPIS in HeLa cells
overexpressing HA-RASSFIA in the absence or presence of HDAC4
inhibitor apicidin (APCD). Lysates were precipitated with MAP1S-
specific 4G1 antibody and blotted with Ac-K antibody and 4Gl
antibody. 1, m Representative immunoblots (I) and quantification
(m) showing whether elevated levels of P27 affect the impact of
RASSFI1A on LC3-1I levels in HeLa cells treated with random (Mock)
or RASSF1A-specific siRNAs (RA) and transiently transfected with
empty control vector or vector encoding P27 in the absence or pre-
sence of BAF
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Fig. 5 RASSF1A suppresses PI3K-Akt-mTOR pathway to promote
autophagy initiation through Hippo pathway regulatory protein MST1.
a Representative immunoblots showing the fragment of RASSFIA
coimmunoprecipitated with MST1 in 293T cells. b Representative
immunoblots showing the impact of fragments of RASSFIA on the
amount of MST1 coimmunoprecipitated with RASSF1A in 293T cells.
Inputs are the same as in panel a. ¢, d Representative immunoblots
(c) and quantification showing the impact of RASSF1A on levels of
total and p-MSTI (d) in mouse liver tissues. e, f Representative
immunoblots (e) and quantification (f) showing the impact of
RASSFI1A on levels of p-YAP, YAP, CTGF and Beclin 1 in mouse
liver tissues. g, h Representative immunoblots showing levels of
MST]1 and Akt coimmunoprecipitated with RASSF1A (g) or levels of
MST1 and RASSFIA coimmunoprecipitated with Akt (h) in HeLa
cells. I, j Representative immunoblots (i) and quantification showing
the impact of RASSF1A suppression on the levels of total MST1 or
MSTI1 coimmunoprecipitated (IP-MST1) with Akt (j) in HeLa cells
treated with random (Mock) or RASSFIA-specific siRNAs.
k-r Representative immunoblots (k, m, o, q) and quantification
showing the levels of p-AKT and p-S70S6K (1, n, p, r) in mouse liver
tissues (k, 1), MEFs (m, n), liver tissues from DEN-treated 6-month-
old mice (o, p), or HeLa cells treated with random (Mock) or
RASSF1A-specific siRNAs (q, r). s A diagram showing the
mechanism by which RASSFIA promotes autophagy initiation
through MST1-AKT-mTOR pathway

of P27 did not restore the reduced autophagy flux in HeLa
cells carrying reduced levels of P27 (Fig. 41, m). Therefore,
RASSF1A regulates autophagy initiation not through the
MAP1S-Bcl-2-P27 non-canonical pathway [23].

RASSF1A suppresses PI3K-AKT-mTOR pathway to
promote autophagy initiation through Hippo
pathway regulatory protein MST1

Since RASSFIA maintains the stability and activity of
MST1 (mammalian STE20-like kinase 1) by directly
interacting with MST1 and preventing it from depho-
sphorylation by PP2A, RASSF1A was suggested to be an
important regulator of the Hippo pathway [20]. We con-
firmed the interaction of RASSF1A with MST1 specifically
through its SARAH domain (F4) (Fig. 5a). The over-
expressed SARAH domain competed with endogenous
RASSF1A to bind with MSTI, leading to a reduction in
amounts of RASSF1A-associated endogenous MSTI1
(Fig. 5b). Then, we examined the impact of RASSFI1A
deletion on the components of the Hippo pathway.
RASSF1A depletion did cause reductions in levels of total
and phosphorylated MST1 (Fig. 5c, d) but had no impact on
levels of p-YAP, YAP and CTGF in mouse liver tissues
(Fig. 5e, 1), suggesting RASSF1A does not impact much the
downstream effectors of the Hippo pathway at least in liver
tissues. Since MST1 was reported to interact with Beclin 1
and Bcl-2 to prevent autophagy initiation in cardiomyocytes
[35], the reduction in levels of MSTI1 due to
RASSF1A deletion was predicted to cause an activation
of autophagy initiation, which is contradicted with
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the observed autophagy inhibition in liver tissues (Fig. 3).
We found that RASSF1A deletion did not alter the levels
of Bcl-2 (Fig. 4c, d) and Beclin 1 (Fig. 5Se, f) in liver tis-
sues. Therefore, the impact of RASSFIA on
autophagy initiation does not work through Beclin 1 and
Bcl-2.

It was also reported that MST1 interacts with AKT and
acts as a direct inhibitor of AKT [36]. We reasoned that
RASSF1A may act on the PI3K-AKT-mTOR pathway
through MST1 to regulate autophagy initiation. We found
that MST1 and AKT were co-immunoprecipitated with
RASSF1A (Fig. 5g) and MST1 and RASSFIA were co-
immunoprecipitated with AKT (Fig. 5h), suggesting
RASSF1A, AKT and MSTI form a protein complex.
RASSF1A depletion led to a reduction in levels of total
MST1 so that the levels of MST1 co-immunoprecipitated
with AKT were significantly reduced in RASSFIA-
suppressed HeLa cells (Fig. 5i, j). RASSF1A depletion
caused increases in levels of phosphorylated AKT and
phosphorylated S70S6K, a downstream effector of mTOR,
in mouse liver tissues (Fig. 5k, 1), MEFs (Fig. 5m, n) and
DEN-treated 6-month-old mouse liver tissues (Fig. 5o, p),
as well as HeLa cells (Fig. 5q, r). Therefore, RASSF1A
depletion causes the dephosphorylation and instability of
MST]1, leading to a reduction in MST1 and AKT interaction
and thereby activation of the PI3K-AKT-mTOR pathway to
inhibit autophagy initiation (Fig. 5s).

RASSF1A interacts with HDAC6 to enhance
acetylation of a-tubulin and co-localizes with
acetylated microtubules

To further understand the molecular mechanism by which
RASSF1A activates autophagy flux, we tested the impact of
RASSF1A on the levels of acetylated a-tubulin from which
stable acetylated microtubules are assembled to support
trafficking of autophagosomes to fuse with lysosomes [6].
RASSSFI1A deletion led to a reduction in levels of acety-
lated o-tubulin in mouse liver tissues (Fig. 6a, b) and their
derived hepatocytes (Fig. 6c, d), while overexpressed
RASSF1A caused increases in levels of acetylated o-tubulin
(Fig. 6e, f) and an enhancement of stable acetylated
microtubules in HeLa cells (Fig. 6g, h). Although over-
expressed RASSF1A did not decrease levels of HDAC6
that regulates acetylation of a-tubulin (Fig. 6i, j) [37], it
interacted with HDAC6 (Fig. 6k, 1). Such interaction may
lead to an impairment of HDAC6 deacetylase activity and
promotion of o-tubulin acetylation as reported [15]. RA
domain is required for the association of RASSFIA with
hyperstabilized microtubules [19]. RAA, a RASSFI1A
mutant with the RA domain deleted (Fig.4a), also interacted
with HDAC6 (Fig. 6m), but had no impact on the acet-
ylation of microtubules (Fig. 6e-h). RASSF1A interacted
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Fig. 6 RASSFIA interacts with HDAC6 to enhance acetylation of a-
Tubulin and co-localizes with acetylated microtubules. a, b Repre-
sentative immunoblot (a) and quantification (b) showing levels of
acetylated a-tubulin (Ac-a-Tub) in liver tissues from 4-month-old
wild-type and RASSFIA™~ mice. ¢, d Representative immunoblot
(c) and quantification (d) showing levels of acetylated a-tubulin in
hepatocytes isolated from wild-type and RASSFIA™~ mice.
e, f Representative immunoblot (e) and quantification (f) showing
levels of acetylated a-tubulin in HeLa cells transiently transfected with
control plasmid, plasmid expressing HA-RASSFIA (HA-RA), and
plasmid expressing HA-RASSF1AA (HA-RAA). g, h Representative
images (g) and quantification (h) showing the immunostaining inten-
sities of acetylated a-tubulin in cells similar to those in e. Bar = 20 pm.
Red, HA-RA or HA-RAA; green, acetylated a-tubulin; and yellow,
colocalization. i, j Representative immunoblot (i) and quantification
(j) showing the impact of RASSF1A on levels of HDACG6 in cells
similar to those in e. k, 1 Representative immunoblots showing levels
of Flag-HDAC6 coimmunoprecipitated with endogenous RASSF1A
from HeLa cells (k) or exogenous RASSFIA in 293T cells (I) tran-
siently overexpressing Flag-HDAC6. m Representative immunoblots
showing levels of RA-HA or RA-RAA coimmunoprecipitated with
Flag-HDAC6 in 293T cells. n Representative immunoblot showing
levels of GFP fused fragments of RASSFIA coimmunoprecipitated
with HDACG6 from lysates of HeLa cells transiently expressing GFP
fused RASSF1A constructs

with HDAC6 mainly through F1 and secondly through F2
(Fig. 6n). Therefore, RASSF1A binds with HDAC6 through
F1 and F2 to suppress its activity to promote microtubular
acetylation through its RA domain.

RASSF1A helps recruit autophagosomes onto
acetylated microtubules through LC3-interactive
MAP1S and regulates autophagy initiation and
autophagosomal degradation

We reported that RASSFIA stabilizes microtubules and
helps recruit MAP1S on the stabilized microtubules and
MAPIS is required for LC3 to associate with RASSF1A-
stabilized microtubules [23, 38]. RASSF1A specifically
interacted with LC3-II through its RA domain (F3)
(Figs. 4a, 7a, b). RASSF1A interacted with full-length (FL),
heavy chain (HC) and short chain (SC) but not light chain
(LC) of MAPIS (Figs. 4b, 7c—f), predicting that the
HDAC4-binding domain (HBD) of MAPIS mediates the
interaction with RASSF1A. Such prediction was confirmed
by the facts that HBD interacted (Fig. 7g, h) while full
length MAP1S with HBD deleted (FLA) did not interact
with RASSF1A (Fig. 7i). The RA domain of RASSFI1A
(Fragment F3) interacted with MAP1S (Fig. 7j) and deleting
the RA domain in RASSF1A (RAA) abolished its interac-
tion with MAP1S (Fig. 7k). The interaction of RASSF1A
with LC3-II required HBD of MAPIS because such inter-
action disappeared in cells without MAP1S (Fig. 7i) or
expressing FLA (Fig. 7m).

To wunderstand whether the interactions among
RASSF1A, MAPIS and LC3-II enabled them to associate
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with microtubules, we first conducted in vitro microtubular
assembling assays. RASSF1A enabled MAP1S and LC3-II
to associate with microtubules while much less MAP1S and
LC3-1I was associated with microtubules assembled from
lysates from RASSFIA™~ hepatocytes (Fig. 8a).
RASSF1A helped recruit MAPIS and then LC3 on
RASSF1A-stabilized acetylated microtubule, while a
RASSF1A mutant with the MAP1S and LC3-interactive
RA domain deleted (RAA) was unable to recruit MAP1S
and LC3 to microtubular fibrils (Fig. 8b, c). Low levels of
RASSFI1A enabled MAP1S-associated LC3-labeled autop-
hagosomal punctate foci to bind with less-stable micro-
tubules while high levels of RASSFIA forced the
autophagosomes to align with the frozen microtubule
fibrillar structure (Fig. 8c). Taken together, RASSFI1A
enhances microtubular acetylation and recruits autophago-
somes onto microtubules for trafficking through the LC3-
interactive MAP1S (Fig. 8d).

To dissect the impact of RASSFIA on autophagy
initiation and maturation, we treated hepatocytes isolated
from wild-type and RASSFIA™~ mice and Hela cells
treated with random and RASSF1A-specific siRNAs with
rapamycin, an inhibitor of mTOR signal. Rapamycin
treatment completely inhibited mTOR activity as reflected
by the levels of p-S70S6K either in the absence or presence
of RASSF1A, enhanced autophagy initiation and matura-
tion and autophagy flux in the presence of RASSF1A, and
enhanced autophagy initiation but block autophagosomes
degradation in the absence of RASSFI1A; Consequently,
rapamycin treatment enhanced autophagy flux and reduced
levels of y-H2AX in the presence of RASSF1A but
impaired autophagy flux and promoted levels of y-H2AX in
the absence of RASSFIA (Fig. 8e, f). We observed no
impact on autophagy flux when RASSF1A was over-
expressed in HeLa cells (data not shown). We reasoned that
levels of endogenous RASSF1A in those cells were already
too high to be affected by the overexpressed RASSF1A. We
generated RASS1A-knockout HelLa cells in which over-
expressing RASSF1A did lead to activation of autophagy
flux (Fig. 8g). The RASSF1A depletion-caused activation
of mTOR signals were reduced in cells expressing either
RA or RAA; the RASSF1A depletion-caused inhibition of
autophagy flux and increase of y-H2AX levels were
recovered by re-expressing RASSF1A; and the re-
expression of RAA only caused the re-activation of autop-
hagy initiation but not the re-activation of degradation of
autophagosomes, leading to an accumulation of autopha-
gosomes and maintenance of high y-H2AX levels in the
absence of bafilomycin Al (Fig. 8g). The activation of
mTOR and inhibition of autophagy initiation caused by
RASSF1A depletion were recovered by expressing frag-
ment F4, the SARAH domain of RASSF1A (Fig. 8h).
Therefore, RASSF1A regulates both autophagy initiation
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Fig. 7 There are specific interactions among RASSF1A, MAP1S and
LC3. a Representative immunoblot showing levels of Myc-LC3-II
coimmunoprecipitated with HA-RASSF1A from lysates of MEFs
transiently expressing HA-RASSF1A and Myc-LC3. b Representative
immunoblot showing levels of GFP fused fragments of RASSFIA
coimmunoprecipitated with LC3 from lysates of 293T cells transiently
expressing GFP-LC3 and GFP fused RASSF1A constructs.
c—e Representative immunoblots showing levels of RASSF1A coim-
munoprecipitated with FL (¢), HC (d), SC (e). f, g Representative
immunoblots showing levels of LC (f) and HBD (g) coimmunopre-
cipitated with RASSF1A. h Representative immunoblots showing
levels of RASSF1A coimmunoprecipitated with HBD in 293T cells
transiently expressing HA-RASSF1A and HA-HBD. MAP1S-specific
antibody 4G1 recognizes HBD. i Representative immunoblots show-
ing levels of FL or FLA of MAPIS coimmunoprecipitated with

and maturation through different domains to suppress gen-
ome instability and tumorigenesis.

Discussion

Mammalian cells primarily use the autophagy-lysosome

system to degrade dysfunctional organelles, misfolded/
aggregated proteins and other macromolecules and maintain

RASSFI1A in 293T cells transiently expressing HA-RASSF1A and
HA-FL or HA-FLA. j Representative immunoblots showing levels of
RASSF1A constructs coimmunoprecipitated with endogenous MAP1S
in 293T cells transiently expressing GFP-tagged RASSF1A constructs.
k Representative immunoblots showing levels of RASSFIA or RAA
coimmunoprecipitated with FL. of MAPIS in 293T cells transiently
expressing HA-FL and HA-RA or HA-RAA. 1 Representative immu-
noblots showing the impact of MAPIS on levels of Myc-LC3-II
coimmunoprecipitated with RASSFIA in wild-type and MAP1S™/~
MEFs transiently expressing HA-RASSFIA and Myc-LC3-IL
m Representative immunoblots showing levels of FL or FLA of
MAPIS and Myc-LC3-1I coimmunoprecipitated with RASSF1A in
293T cells transiently expressing HA-RASSF1A, Myc-LC3 and HA-
fused FL or FLA

cellular homeostasis [4]. Autophagy defects lead to an
enhancement of oxidative stress [4, 11]. Reactive oxygen
species cause telomere attrition and DNA double strand
breakage [39, 40] and simultaneously subvert mitotic
checkpoints [41, 42]. The resulting genome instability is
amplified through a cascade of autocatalytic karyotypic
evolution through continuous cycles of chromosomal
breakage-fusion-bridge and eventually leads to tumorigen-
esis [11, 43]. Furthermore, oxidative stress in turn activates
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<« Fig. 8 RASSF1A helps recruit autophagosomes onto acetylated

microtubules through MAP1S and regulates autophagy initiation and
autophagosomal degradation. a Representative immunoblots showing
levels of MAPI1S and LC3 associated with microtubules assembled
in vitro. MT, assembled microtubules. f-Tubulin serves as the marker
for assembled microtubules. b, ¢ Representative fluorescent images
showing the impact of RASSF1A (blue) on the distribution of GFP-FL
MAPIS (green) and acetylated o-tubulin (red) (b) or RFP-LC3 (red)
(c) in HeLa cells transiently expressing HA-tagged RASSF1A and
GFP-tagged FL (b) or HA-tagged RASSF1A, GFP-tagged FL and
RFP-LC3 (c¢). d A diagram showing the mechanism by which
RASSF1A promotes autophagosomal trafficking. e, f Representative
immunoblots showing the levels of p-S70S6K, LC3, and y-H2AX in
hepatocytes isolated from wild-type and RASSFIA™'~ mice (e) or
HeLa cells treated with random (Mock) and RASSF1A-specific siR-
NAs (RA) (f) untreated (Ctrl) or treated with rapamycin (Rapa) in the
absence (None) or presence of bafilomycin Al (BAF). g Representa-
tive immunoblots showing the levels of p-Akt, p-S70S6K, LC3, and y-
H2AX in wild-type HeLa cells (4+/+) or HeLa cells with RASSFI1A
knockout (—/—) transiently transfected with no plasmid (No), control
vector (Ctrl), HA-RA or HA-RAA in the absence (None) or presence
of bafilomycin A1 (BAF). h Representative immunoblots showing the
levels of p-Akt, p-S70S6K and LC3 in wild-type HeLa cells (4+/+) or
HeLa cells with RASSF1A knockout (—/—) transiently transfected
with no plasmid (No), control vector (GFP), GFP fused fragments in
the absence (None) or presence of bafilomycin Al (BAF)

NLRP3 inflammasomes that result in direct activation of
caspase-1 [44]. Activation of caspase-1 eventually induces
an inflammatory form of cell death referred to as pyroptosis
[45]. The release of immunogenic danger signals or danger-
associated molecular patterns (DAMPs) from pyroptotic
cells can fuel pro-inflammatory cascades that promote the
mortality of host structural, hematopoietic and immune-
competent cells [46, 47]. Therefore, activating autophagy
flux leads to suppression of cancer initiation and develop-
ment, as well as the survival of cancer patients.
Autophagy initiation is regulated through the canonical
PI3BK-AKT-mTOR pathway or the non-canonical LKBI-
AMPK-mTOR pathway [5]. Because RASSFI1A interacts
with MAPIS that regulates autophagy initiation through the
non-canonical pathway [19, 23], we expected that RASSF1A
would regulate autophagy initiation through the same path-
way. However, RASSF1A did not alter the acetylation and
stability of MAPI1S. Overexpressing P27 did not restore the
reduced autophagy flux caused by RASSF1A deletion, sug-
gesting that RASSF1A did not regulate autophagy initiation
in the same way as MAP1S does. RASSF1A interacts with
MST1, one of the key regulators of the Hippo pathway that
regulates organ size and apoptosis [35]. Conventionally,
phosphorylated MST1 activates the phosphorylation of its
downstream effector YAP so that YAP is retained in the
cytoplasm and cannot enter the nuclear compartment to turmn
on the transcription of CTGF gene and other YAP target
genes [35]. It was reported that RASSF1A stabilizes MST1
by preventing the dephosphorylation of MST1 by PP2A [20].
As expected, RASSF1A deletion causes a significant reduc-
tion in levels of total and phosphorylated MST1. However,

RASSF1A deletion has no impact on levels of total and
phosphorylated YAP and CTGF. Therefore, RASSF1A reg-
ulation of autophagy flux is not through the conventional
Hippo pathway. It was reported that MST1 interacts with
Beclin 1 and Bcl-2 and prevents autophagy initiation [35].
RASSF1A may regulate autophagy initiation through the
MSTI1-Beclin 1-Bcl-2 pathway. We show here that
RASSF1A depletion causes a reduction in levels of total and
phosphorylated MST1, which predicts autophagy would be
activated. Our results indicate that autophagy was not acti-
vated because of the reduction in levels of MST1 but actually
inhibited. Therefore, RASSF1A did not regulate autophagy
initiation in liver tissues through the MST1-Beclin 1-Bcl-2
pathway. It is known that MST1 interacts with AKT, leading
to the activation of AKT kinase activity [36]. Activation of
AKT induced by RASSF1A deletion leads to the activation of
downstream effector of mTOR phosphorylated S70S6K to
block autophagy initiation. We provide here an alternative
mechanism by which MST1 regulates autophagy initiation
through PI3K-AKT-mTOR pathway by direct binding with
AKT. RASSF1A associates with mitochondria when micro-
tubules are depolymerized [19] and colocalizes with MAP1S
on stabilized microtubule, and RASSF1A and MAPIS dis-
tribute in different locations before they meet with each other
on microtubules to promote autophagy maturation. Therefore,
RASSF1A and MAPIS may regulate autophagy initiation
through different mechanisms.

At the initial stages of autophagy, RASSFIA and
MAPIS may regulate autophagy by their respective
mechanisms. After autophagy is initiated, formed autopha-
gosomes need to travel to fuse with lysosomes in different
subcellular location to form autolysosomes [15, 37]. Then
RASSF1A recruits LC3-II-associated autophagosomes
through MAPIS on its stabilized acetylated microtubules
where autophagosomes are delivered to fuse with lyso-
somes to form autolysosomes in which the captured sub-
strates including LC3-1II are degraded [6]. Microtubules are
filamentous intracellular structures made of a-tubulin and f-
tubulin heterodimers and other microtubule-associated
proteins. Microtubules are constantly engage in cycle of
polymerization and de-polymerization which play critical
roles in the attachment and de-attachment of their trans-
ported cargos but also in cellular migration [6]. Without
RASSF1A, formed autophagosomes are not recruited to
microtubules to become matured to autolysosomes, which
will lead to an accumulation of protein aggregates and
dysfunctional organelles such as mitochondria and lipid
droplets to induce oxidative stress and cell death including
apoptosis and pyroptosis. When there is too much
RASSFI1A, microtubules remain in their acetylated state
and become frozen so that progression of the cell cycle is
blocked, cells are not able to migrate and cells die as others
reported [15, 16, 18, 19]. Therefore, exploring how
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RASSFI1A is regulated in cells will help to understand the
polymerization/de-polymerization cycle of microtubules
and needs to be further investigated.

RASSFI1A activates autophagy initiation and facilitates
autophagosomal trafficking so that autophagy flux is dra-
matically reduced when RASSFIA is depleted. Reduction
in autophagy flux leads to oxidative stress and genome
instability both of which promote the initiation and devel-
opment of HCC. Autophagy is closely related to mouse
lifespans [24, 29]. RASSF1A knockout mice carrying DEN-
induced HCC live much shortened lifespans than the wild-
type suffering with HCC possibly also due to autophagy
defects. We recently reported that enhancing autophagy flux
with spermidine prevents HCC and prolongs mouse lifespan
[24]. Consistent with that observation, RASSF1A enhances
autophagy flux to suppress HCC and improve survivals of
mice suffering from HCC.

Acknowledgements This work was supported by NCI RO1CA 142862
and National Natural Science Foundation of China (81772931) to
Leyuan Liu.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA: Can J
Clin. 2016;66:7-30.

2. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A.
Global cancer statistics, 2012. CA: Can J Clin. 2015;65:
87-108.

3. Singh S, Singh PP, Roberts LR, Sanchez W. Chemopreventive
strategies in hepatocellular carcinoma. Nat Rev Gastroenterol
Hepatol. 2014;11:45-54.

4. Mizushima N, Noda T, Yoshimori T, Tanaka Y, Ishii T, George
MD, et al. A protein conjugation system essential for autophagy.
Nature. 1998;395:395-8.

5. Liang J, Shao SH, Xu ZX, Hennessy B, Ding Z, Larrea M. et al.
The energy sensing LKB1-AMPK pathway regulatesp27(kipl)
phosphorylation mediating the decision to enter autophagy or
apoptosis. Nat Cell Biol. 2007;9:218-24.

SPRINGER NATURE

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Xie R, Nguyen S, McKeehan WL, Liu L. Acetylated microtubules

are required for fusion of autophagosomes with lysosomes. BMC
Cell Biol. 2010;11:89.

. Marino G, Salvador-Montoliu N, Fueyo A, Knecht E, Mizushima

N, Lopez-Otin C. Tissue-specific autophagy alterations and
increased tumorigenesis in mice deficient in Atg4C/autophagin-3.
J Biol Chem. 2007;282:18573-83.

. Qu X, Yu J, Bhagat G, Furuya N, Hibshoosh H, Troxel A, et al.

Promotion of tumorigenesis by heterozygous disruption of the
beclin 1 autophagy gene. J Clin Invest. 2003;112:1809-20.

. Takamura A, Komatsu M, Hara T, Sakamoto A, Kishi C, Waguri

S, et al. Autophagy-deficient mice develop multiple liver tumors.
Gene Dev. 2011;25:795-800.

Xie R, Wang F, McKeehan WL, Liu L. Autophagy enhanced by
microtubule- and mitochondrion-associated MAP1S suppresses
genome instability and hepatocarcinogenesis. Can Res.
2011;71:7537-46.

. Liu L, McKeehan WL, Wang F, Xie R. MAPIS enhances

autophagy to suppress tumorigenesis. Autophagy. 2012;8:278-80.
Dammann R, Li C, Yoon JH, Chin PL, Bates S, Pfeifer GP.
Epigenetic inactivation of a RAS association domain family pro-
tein from the lung tumour suppressor locus 3p21.3. Nat Genet.
2000;25:315-9.

Schagdarsurengin U, Wilkens L, Steinemann D, Flemming P,
Kreipe HH, Pfeifer GP, et al. Frequent epigenetic inactivation of
the RASSFIA gene in hepatocellular carcinoma. Oncogene.
2003;22:1866-71.

Zhang X, Guo C, Wu X, Li AX, Liu L, Tsark W, et al. Analysis of
liver tumor-prone mouse models of the hippo kinase scaffold
proteins RASSF1A and SAVI. Can Res. 2016;76:2824-35.
Jung HY, Jung JS, Whang YM, Kim YH. RASSF1A suppresses
cell migration through inactivation of HDACG6 and increase of
acetylated alpha-tubulin. Can Res Treat. 2013;45:134-44.

Song MS, Song SJ, Ayad NG, Chang JS, Lee JH, Hong HK, et al.
The tumour suppressor RASSF1A regulates mitosis by inhibiting
the APC-Cdc20 complex. Nat Cell Biol. 2004;6:129-37.

Baksh S, Tommasi S, Fenton S, Yu VC, Martins LM, Pfeifer GP,
et al. The tumor suppressor RASSFIA and MAP-1 link death
receptor signaling to Bax conformational change and cell death.
Mol Cell. 2005;18:637-50.

Matallanas D, Romano D, Yee K, Meissl K, Kucerova L, Piaz-
zolla D, et al. RASSFI1A elicits apoptosis through an MST2
pathway directing proapoptotic transcription by the p73 tumor
suppressor protein. Mol Cell. 2007;27:962-75.

Liu L, Vo A, McKeehan WL. Specificity of the methylation-
suppressed A isoform of candidate tumor suppressor RASSF1 for
microtubule hyperstabilization is determined by cell death inducer
CI90RF5. Can Res. 2005;65:1830-8.

Guo C, Zhang X, Pfeifer GP. The tumor suppressor RASSF1A
prevents dephosphorylation of the mammalian STE20-like kinases
MSTI1 and MST2. J Biol Chem. 2011;286:6253-61.

Saucedo LJ, Edgar BA. Filling out the Hippo pathway. Nat Rev
Mol Cell Biol. 2007;8:613-21.

Liu L, Vo A, Liu G, McKeehan WL. Distinct structural domains
within CI9ORFS5 support association with stabilized microtubules
and mitochondrial aggregation and genome destruction. Can Res.
2005;65:4191-201.

Xie R, Nguyen S, McKeehan K, Wang F, McKeehan WL, Liu L.
Microtubule-associated protein 1S (MAP1S) bridges autophagic
components with microtubules and mitochondria to affect autop-
hagosomal biogenesis and degradation. J Biol Chem.
2011;286:10367-77.

Yue F, Li W, Zou J, Jiang X, Xu G, Huang H. et al. Spermidine
prolongs lifespan and prevents liver fibrosis and hepatocellular
carcinoma by activating MAP1S-mediated autophagy. Can Res.
2017;77:2938-51.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Suppressor of hepatocellular carcinoma RASSF1A activates autophagy initiation and maturation

1395

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Liu L, Amy V, Liu G, McKeehan WL. Novel complex integrating
mitochondria and the microtubular cytoskeleton with chromosome
remodeling and tumor suppressor RASSF1 deduced by in silico
homology analysis, interaction cloning in yeast, and colocalization
in cultured cells. Vitr Cell Dev Biol Ani. 2002;38:582-94.

Dallol A, Agathanggelou A, Fenton SL, Ahmed-Choudhury J,
Hesson L, Vos MD. et al. RASSF1A interacts with microtubule-
associated proteins and modulates microtubule dynamics. Can
Res. 2014;64:4112-6.

Noda T, Ohsumi Y. Tor, a phosphatidylinositol kinase homologue,
controls autophagy in yeast. J Biol Chem. 1998;273:3963-6.
Jung CH, Ro SH, Cao J, Otto NM, Kim DH. mTOR regulation of
autophagy. FEBS Lett. 2010;584:1287-95.

Li W, Zou J, Yue F, Song K, Chen Q, McKeehan WL, et al.
Defects in MAP1S-mediated autophagy cause reduction in mouse
lifespans especially when fibronectin is overexpressed. Aging
Cell. 2016;15:370-9.

Yue F, Li W, Zou J, Chen Q, Xu G, Huang H, et al. Blocking the
association of HDAC4 with MAPIS accelerates autophagy
clearance of mutant Huntingtin. Aging. 2015;7:839-53.
Tommasi S, Dammann R, Zhang Z, Wang Y, Liu L, Tsark WM,
et al. Tumor susceptibility of Rassfla knockout mice. Can Res.
2005;65:92-98.

Heindryckx F, Colle I, Van Vlierberghe H. Experimental mouse
models for hepatocellular carcinoma research. Intern J Exp Pathol.
2009;90:367-86.

Mathew R, Kongara S, Beaudoin B, Karp CM, Bray K, Degen-
hardt K, et al. Autophagy suppresses tumor progression by lim-
iting chromosomal instability. Gene Dev. 2007;21:1367-81.
Liang XH, Jackson S, Seaman M, Brown K, Kempkes B, Hib-
shoosh H, et al. Induction of autophagy and inhibition of tumor-
igenesis by beclin 1. Nature. 1999;402:672-6.

Maejima Y, Kyoi S, Zhai P, Liu T, Li H, Ivessa A, et al. Mstl
inhibits autophagy by promoting the interaction between Beclinl
and Bcl-2. Nat Med. 2013;19:1478-88.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Cinar B, Fang PK, Lutchman M, Di Vizio D, Adam RM, Pavlova
N, et al. The pro-apoptotic kinase Mstl and its caspase cleavage
products are direct inhibitors of Aktl. EMBO J. 2007;26:
4523-34.

Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A,
et al. HDACG6 is a microtubule-associated deacetylase. Nature.
2002;417:455-8.

Liu L, Xie R, Yang C, McKeehan WL. Dual function micro-
tubule- and mitochondria-associated proteins mediate mitotic cell
death. Cell Oncol. 2009;31:393-405.

Liu L, Trimarchi JR, Smith PJ, Keefe DL. Mitochondrial dys-
function leads to telomere attrition and genomic instability. Aging
Cell. 2002;1:40-6.

Mishra PK, Raghuram GV, Panwar H, Jain D, Pandey H, Maudar
KK. Mitochondrial oxidative stress elicits chromosomal instability
after exposure to isocyanates in human kidney epithelial cells.
Free Radic Res. 2009;43:718-28.

D’Angiolella V, Santarpia C, Grieco D. Oxidative stress overrides
the spindle checkpoint. Cell Cycle. 2007;6:576-9.

Li M, Fang X, Baker DJ, Guo L, Gao X, Wei Z, et al. The ATM-
p53 pathway suppresses aneuploidy-induced tumorigenesis. Proc
Nat Acad Sci USA. 2010;107:14188-93.

McClintock B. The fusion of broken ends of chromosomes
following nuclear fusion. Proc Nat Acad Sci USA.
1942;28:458-63.

Lamkanfi M, Dixit VM. Mechanisms and functions of inflam-
masomes. Cell. 2014;157:1013-22.

Ryter SW, Mizumura K, Choi AM. The impact of autophagy on
cell death modalities. Intern J Cell Biol. 2014;2014:502676.

Yu J, Nagasu H, Murakami T, Hoang H, Broderick L, Hoffman
HM, et al. Inflammasome activation leads to Caspase-1-dependent
mitochondrial damage and block of mitophagy. Proc Nat Acad Sci
USA. 2014;111:15514-9.

Terlizzi M, Casolaro V, Pinto A, Sorrentino R. Inflammasome:
cancer’s friend or foe. Pharmacol Ther. 2014;143:24-33.

SPRINGERNATURE



	Suppressor of hepatocellular carcinoma RASSF1A activates autophagy initiation and maturation
	Abstract
	Introduction
	Materials and methods
	Antibodies, plasmids and other reagents
	Animal experiments
	Plasmid construction
	Cell culture and isolation of primary mouse hepatocytes and mouse embryonic fibroblasts (MEFs)

	Results
	RASSF1A suppresses DEN-induced HCC and maintains mouse survivals
	RASSF1A suppresses oxidative stress and DNA double strand breakage
	RASSF1A enhances autophagy flux
	RASSF1A does not regulate autophagy initiation through MAP1S-Bcl-2-P27 pathway
	RASSF1A suppresses PI3K-AKT-mTOR pathway to promote autophagy initiation through Hippo pathway regulatory protein MST1
	RASSF1A interacts with HDAC6 to enhance acetylation of α-tubulin and co-localizes with acetylated microtubules
	RASSF1A helps recruit autophagosomes onto acetylated microtubules through LC3-interactive MAP1S and regulates autophagy initiation and autophagosomal degradation

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




